Context. Determining the strength of the Lyman continuum (LyC) and the fraction of LyC escape have implications for the properties of the emitting sources at any redshift, but also for the re-ionization of the Universe at z > 6. Aims. We aim to measure the LyC signal from a sample of sources in the Chandra deep field south. We collect star-forming galaxies (SFGs) and active galactic nuclei (AGN) with accurate spectroscopic redshifts, for which Hubble Space Telescope (HST) coverage and multi-wavelength photometry are available. Methods. We selected a sample of about 200 sources at z ∼ 3. Taking advantage of HST resolution, we applied a careful cleaning procedure and rejected sources showing nearby clumps with different colours, which could be lower-z interlopers. Our clean sample consisted of 86 SFGs (including 19 narrow-band selected Lyα emitters) and 8 AGN (including 6 detected in X-rays). We measured the LyC flux from aperture photometry in four narrow-band filters covering wavelengths below a 912 Å rest frame (3.11 < z < 3.53). We estimated the ratio between ionizing (LyC flux) and 1400 Å non-ionizing emissions for AGN and galaxies. Results. By running population synthesis models, we assume an average intrinsic L ν (1400 Å)/L ν (900 Å) ratio of 5 as the representative value for our sample. With this value and an average treatment of the lines of sight of the inter-galactic medium, we estimate the LyC escape fraction relative to the intrinsic value (fesc rel (LyC)). We do not directly detect ionizing radiation from any individual SFG, but we are able to set a 1(2)σ upper limit of fesc rel (LyC) < 12(24)%. This result is consistent with other non-detections published in the literature. No meaningful limits can be calculated for the sub-sample of Lyα emitters. We obtain one significant direct detection for an AGN at z = 3.46, with fesc rel (LyC) = (72 ± 18) %. Conclusions. Our upper limit on fesc rel (LyC) implies that the SFGs studied here do not present either the physical properties or the geometric conditions suitable for efficient LyC-photon escape.
Introduction
The radiation at wavelengths shorter than 912 Å (Lyman continuum, LyC) is produced by massive OB-type stars in young star clusters (e.g. Avedisova, 1979) and by active galactic nuclei (AGN). At z > 2.5, it is redshifted into the optical light spectral region and, in principle, it could be detected from the ground.
Stellar models (e.g. Bruzual & Charlot, 2003; Leitherer et al., 1999) predict that the intrinsic ratio between ionizing and non-ionizing radiation from star-forming galaxies is less than 0.2-0.5 (depending on the stellar population age, metallicity, AGN-galaxy fraction). As a result of its energy, the LyC is very likely to be absorbed by neutral hydrogen (HI) and dust in the inter-stellar medium (ISM) or by the HI in the inter-galactic medium (IGM). At z >> 4, the IGM is completely opaque to this radiation, and the chance of detection from Earth becomes negligible (e.g. Madau, 1995; Inoue et al., 2014) . Therefore, Send offprint requests to: Lucia Guaita, e-mail: lucia.guaita@oa-roma.inaf.it
Based on data obtained with the European Southern Observatory Very Large Telescope, Paranal, Chile, only the LyC signal coming from 2.5 < z < 4 sources can be detected from the ground.
Theoretically, the production, propagation, and escape of LyC photons are related to the physical properties of the galaxies. Firstly, the production of LyC radiation implies the presence of young, massive stars, and therefore of on-going star formation. Because of the fast recombination timescale of the HI atoms, previous episodes of star formation have no significant impact on the production of ionizing photons eventually escaping the galaxy (e.g. Paardekooper et al., 2015) . Secondly, the propagation of LyC photons within the ISM is favoured by a negligible amount of dust and low column density of HI (N(HI) ≤ 10 18 cm −2 ) in a 10-pc scale region around the emitting star clusters. This could be the case for galaxies embedded in dark-matter halos with masses less than 10 8 M (Yajima et al., 2011; Wise et al., 2014; Paardekooper et al., 2015) . However, even galaxies residing in more massive halos can have lines of sight favourable to the propagation and the escape of LyC photons (Gnedin et al., 2008; Roy et al., 2015) . Supernova explosions could have cleared their ISM, and starformation episodes could occur in their outskirts. In addition, 'runaway' OB stars up to 1 kpc away from the initial-origin regions are proposed to significantly contribute to the amount of LyC photons finally emitted into the IGM (Conroy & Kratter, 2012) . Thirdly, LyC photons emitted into the IGM can affect the galaxy environment, changing the ratio of neutral vs ionized gas, eventually fuelling the ISM (e.g. Martin et al., 2012 , for a study of ionized-metal outflows and inflows). Simulations at intermediate redshift have shown that the LyC escape fraction (fesc(LyC)) steeply decreases as the dark-matter halo mass (M h ) increases at 3 < z < 6 (e.g. Yajima et al., 2011) and that the median fesc(LyC) also changes with redshift at z = 4 − 6 (e.g., Cen & Kimm, 2015) . It is worth stressing that while some authors find that the LyC escape fraction decreases with the increase in the halo mass (see also Ferrara & Loeb, 2013) , other works find the opposite trend: fesc(LyC) is found to range from a few percent (e.g. Gnedin et al., 2008) up to 20 − 30% (e.g. Mitra et al., 2013) or even higher (e.g. Wise & Cen, 2009) .
Searches for LyC emission from galaxies have been very difficult so far. In the local Universe, two galaxies have been observed to be ionizing-radiation emitters. One is Haro11, a blue compact and metal poor (oxygen abundance 12+log(O/H)=7.9) galaxy at z = 0.02, characterized by M(HI) < 10 8 M (Bergvall et al., 2006) . It is composed of three main young (< 40 Myr old) star-formation clumps, probably experiencing a merging event. Leitet et al. (2011) estimated that ∼ 17% of the intrinsic LyC flux escapes Haro11 (see also Bergvall et al., 2013 , for the method). A comparable value was estimated by Leitet et al. (2013) for a second blue galaxy, Tol 1247-232, which is also characterized by low metallicity and low dust content.
At z ∼ 0.24, Borthakur et al. (2014) discovered a similarly blue galaxy, J0921+4509, that could have a LyC escape fraction of (21±5)%. J0921+4509 is characterized by a moderately high stellar mass (10 10.8 M ), metallicity (12+log(O/H)=8.67), and a moderate star-formation rate, SFR = 55 M yr −1 . However, the analyses of hard X-ray and radio emissions of this galaxy did not exclude the possible contribution by an AGN (Jia et al., 2011; Alexandroff et al., 2012) .
At 0.3 ≤ z ≤ 3, not one undisputed detection of LyC from a pure star-forming galaxy exists. Bridge et al. (2010) found one LyC leaking galaxy with an active galactic nucleus at z ∼ 0.7 (∼ 15% of the intrinsic LyC), but no LyC signal from pure starforming galaxies. Siana et al. (2010) searched for LyC emission in starburst galaxies at z ∼ 1.3, but found no emission from any of them. Iwata et al. (2009) , Nestor et al. (2013) , and Mostardi et al. (2013) compiled samples of a few LyC emitter candidates among z ∼ 3 UV-continuum-selected star-forming galaxies and narrow-band-selected Lyman alpha emitters. A LyC signal from individual sources was estimated by measuring the flux in narrow bands, covering the ∼900 Å rest frame. However, the contamination from nearby lower-z neighbours was not considered on the object-by-object basis in these samples, and this could have led to false detections (Siana et al., 2015; Mostardi et al., 2015) . Vanzella et al. (2010a) , Boutsia et al. (2011) , and Grazian et al. (2016) analysed large samples of z ∼ 3 starforming galaxies with secure redshift, without providing any significant detection. A promising LyC detection comes from Ion2, a galaxy at z ∼ 3.218, studied in Vanzella et al. (2015) ; de Barros et al. (2016) , Vanzella et al. in prep. The total number of sources investigated in these highredshift studies is quite high, but not all of the analysed starforming galaxies have homogeneous archival data. In particular, only some of them have Hubble Space Telescope (HST) coverage and multi-wavelength photometry, which is essential to identify nearby low-redshift contaminants. As shown by Vanzella et al. (2012a) , one of the main limitations of LyC studies is the difficulty of identifying low-redshift contaminants, which can be responsible for a false LyC signal. Siana et al. (2015) reached the same conclusion after following up five LyC emitter candidates that were previously photometrically selected through narrow-band imaging (see also Mostardi et al., 2015) .
The direct detection of LyC photons also has implications for understanding the origin of the re-ionization of the Universe at z > 6 and which objects keep it ionized at z ∼ 6. It is still uncertain if galaxies or AGN were the main drivers of the reionization. The uncertainty depends on the fact that we still have not observed exactly how ionizing radiation escapes from individual galaxies. However, the average ionization rate of the Universe has been estimated by studying the Lyα forest on the line of sight of bright sources and the physical properties of the high-redshift IGM (e.g. Haardt & Madau, 2012; Becker & Bolton, 2013) . Depending on the redshift, either galaxies or AGN have been considered the main sources of the ionization.
A Lyman continuum from an AGN is observed in many cases (e.g. Cowie et al., 2009; Stevans et al., 2014; Worseck et al., 2014; Lusso et al., 2015; Tilton et al., 2015) , but the number of bright AGN significantly decreases at z > 3 (e.g., Fan et al., 2006) . However, Giallongo et al. (2015) evaluated the luminosity function of faint AGN at z = 4 − 6.5. They demonstrated that the AGN population in their sample could produce ionization rates comparable with those required to keep the IGM as ionized as the observed Lyα forest of similar-redshift quasar spectra. Despite this, the majority of the studies still support the idea that low-mass star-forming galaxies (below the current survey detection limits) are the most probable sources of the re-ionization (Duncan & Conselice, 2015; Dayal et al., 2015; Robertson et al., 2015) . A few rare cases of more massive galaxies with active phenomena of feedback could also contribute, and we may have the chance to find galaxies like them by exploring large samples at z < 4 (see also Chardin et al., 2015) .
Finally, it is important to consider the fact that the physical properties of galaxies/AGN and their LyC escape fraction at the epoch of re-ionization in turn could be different from those at 2 < z < 4. Duncan & Conselice (2015) , for instance, showed that star-forming galaxies at z > 6 could be bluer and therefore able to produce a larger number of ionizing photons than at intermediate redshift.
In this work, we start from sources with secure redshift, since photometric-redshift samples always contain some interlopers. This can be achieved by starting with large spectroscopic samples, such as VUDS (the VIMOS Ultra Deep Survey, Le Fèvre et al., 2015) and the ESO-GOODS master catalogue; then we analyse images at the resolution of HST to eliminate close-by possible lower-z contaminants, and take advantage of multi-wavelength photometry and HST images to correlate the LyC signal with physical and morphological properties (see also Bogosavljević, 2010) . The scope is to measure either a direct LyC signal or a reliable LyC upper limit for our sample of star-forming galaxies, free of contamination from low-z interlopers.
The paper is organized as follows. In Sect. 2 we present the data and the selection of our sample of star-forming galaxies and AGN, in Sect. 3 we describe the method used to estimate the LyC signal, in Sect. 4 we collect the archival properties of our sample, in Sects. 5 and 6 we show our results and discuss them, and we summarize our work in Sect. 7. Throughout the paper we use AB magnitudes. Fig. 1: U pperpanel: Narrow-band filter transmission curves, convolved with the instrument characteristics. They are not affected by the red leak in the optical wavelength coverage. Lowerpanel: NB3727 and NB396 together with two synthetic spectra of star-forming galaxies, obtained by running BC03 models at sub-solar metallicity and extracting a stellar population of 10 Myr. The solid (dashed) red line corresponds to a spectrum redshifted to z = 3.30(3.53).
Data and sample selection
We measured the LyC flux in narrow-band filters that cover the rest-frame wavelength range of 860 < λ < 912 Å. We started from a sample of photometrically selected star-forming galaxies that are spectroscopically confirmed. This ensures that we avoid the contamination that is often present when only photometric redshifts and/or narrow-band selections are available. With this, we built a sample of star-forming galaxies and AGN with accurate redshift, and we required the availability of at least two HST broad bands to be able to identify low-z interlopers by eye.
Narrow-band filters
The narrow-band filters we considered for measuring the LyC flux are NB3727, NB387, NB388, and NB396. They cover the wavelength range between the U and B bands (Table 1 and Fig.  1 ). For the images obtained in these filters, we measured a seeing PSF between 0.7" and 1.4", and 3σ detection limit between 26.7 and 29.1 magnitudes. The PSF and detection limits were obtained by following the prescription described in Gawiser et al. (2006) and Guaita et al. (2010) . The four narrow-band observations were originally designed for different surveys, as explained below
The NB3727 image was obtained with the MOSAICII instrument at the Cerro Tololo Interamerican Observatory (CTIO) for a total exposure time of 36 hours (36 exposures of 1 hour each); it was reduced and analysed by Guaita et al. (2010) . It covers a total area of 31.5' x 31.5'. The E-CDFS was imaged with NB3727 to detect Lyman alpha (Lyα) emitters at z 2.1. This narrow band samples the LyC for sources at 3.11 < z < 3.30.
For the other three narrow bands, raw images were recovered from telescope archives and reduced as explained in Sect. 2.1.1.
The NB387 image was obtained with SuprimeCam at Subaru telescope for a total exposure time of 8.5 hours; NB387 is the narrow-band filter used in Nakajima et al. (2012) Lyα emission lines at z ∼ 2.2. We focused on the central area of NB387 image, where astrometry is of better quality (see Sec. 2.1.1). This narrow band samples the LyC for sources at 3.33 < z < 3.43.
The NB388 image was obtained with the FORS1 instrument at the VLT for a total exposure time of 17 hours; the NB388 filter was also used by Hayes et al. (2010) to probe Lyα emission lines at z ∼ 2.2. It samples the LyC for sources at 3.28 < z < 3.49. The image area is about 12 arcmin 2 . The NB396 image was obtained with the WFI instrument at the ESO 2.2 meter telescope at La Silla for a total exposure time of 13 hours; this filter covers the Lyα emission line at z ∼ 2.25 (like in Nilsson et al., 2009) . We focused on the central area of the NB396 image (see Sect. 2.1.1). This narrow band samples the LyC for sources at 3.41 < z < 3.53.
The area covered by the four narrow-band images is shown in Fig. 2. 
Reduction of archival narrow-band images
The raw images in the NB387, NB388, and NB396 bands were processed as described by Nonino et al. (2009) . The only difference is the final stacking of the individual frames because we here adopted the SWARP software (Bertin et al., 2002) . Astrometry calibration was performed by considering a catalogue of sources detected in the VIMOS B-band image, which is available as part of CANDELS.
Flux calibration was performed by using a set of stars from the CANDELS catalogue (Guo et al., 2013) , together with a set of star templates (Pickles, 1998; Gunn & Stryker, 1983) . The star templates were convolved with the narrow-band filter transmission curves to obtain their narrow-band magnitudes. The spectral energy distributions of CANDELS stars were fitted with the templates. From the best fit, we inferred the true narrow-band magnitudes of the stars. We measured observed L. Guaita: LyC signal narrow-band magnitudes of CANDELS stars by running the IRAF task PHOT (aperture radius equal to 5") on our narrowband images. The narrow-band zero points was then calculated as the difference between the true and the observed narrowband magnitudes. We applied a Galactic correction of the order of 0.02-0.03 magnitudes (Schlafly & Finkbeiner, 2011) for the reddest and bluest filter, respectively, at E-CDFS coordinates. The zero-point error is about 10%.
Spectroscopic sample and HST coverage
A large number of measured redshifts is available in the extended Chandra Deep Field South (E-CDFS). We considered redshifts of continuum-selected star-forming galaxies from the ESO GOODS/E-CDFS master catalogue 1 , including the compilations of ESO-GOODS/FORS2 (Vanzella et al., 2008 , and references therein) and ESO-GOODS/VIMOS (Popesso et al., 2009; Balestra et al., 2010 , and references therein). We included redshifts from the GOODS-MUSIC (Multi-wavelength southern infrared catalog, Grazian et al., 2006; Santini et al., 2009) , CANDELS (cosmic assembly near-infrared deep extragalactic legacy survey, Grazian et al., 2015) surveys, and the most recent compilation used in this paper. We also incorporated data from VUDS (VIMOS Ultra-Deep Survey, Le Fèvre et al., 2015) using the VUDS Data Release 1 (Tasca et al., in preparation) , which encompasses about one third of the final sample, and a few redshifts from the test run of VANDELS 2 (a deep VIMOS survey of the CANDELS UDS and CDFS fields), a recently approved public survey (PI L. Pentericci and R. McLure). In all cases we only considered the most secure redshifts. For example, for VUDS we used the reliability flags 3 and 4, corresponding to a probability greater than 95% for the redshift to be correct, supplemented by flags 2 and 9, corresponding to a probability of about 80% for the redshift to be correct, only when the photometric redshift agrees with the measured spectroscopic redshift (Le Fèvre et al., 2015) . We finally added narrow-band selected Lyα emitters, spectroscopically confirmed during MUSYC (Multi-wavelength survey by Yale-Chile, Gawiser et al., 2006) follow up. Throughout the paper, we use the acronym SFGs for continuum-selected starforming galaxies and LAEs for Lyα emitters.
The catalogues by Xue et al. (2011) and Fiore et al. (2012) were used to identify X-ray detections and to isolate AGN.
We compiled an initial sample of about 200 sources at 3.11 < z < 3.53 in E-CDFS. A few (∼ 15) of the sources were Notes. a Some of the sources corresponding to different NB ranges overlap. b The number includes continuum-selected star-forming galaxies and narrow-band selected LAEs (19 in clean regions).
previously studied by Vanzella et al. (2010a Vanzella et al. ( , 2012b , including the LyC candidate, Ion2 (Vanzella et al., 2015) , which is at the redshift covered by our shallowest narrow-band image, however.
GOODS-S is part of CANDELS 3 and thus every source has multi-wavelength photometry, from VIMOS U and B, through HST F435W to F160W, through HUGS (Hawk-I UDS and GOODS survey) K s to Spitzer IRAC 8.0µm bands.
The HST data in E-CDFS were obtained within GEMS (Galaxy Evolution from Morphology and Spectral energy distributions, Rix et al., 2004) in HST/ ACS F606W and F850LP. Multi-wavelength photometry is also available for the extended area, and it includes HST and ground-based fluxes (Cardamone et al., 2010; Hsu et al., 2014) .
In Table 2 we list the number of galaxies initially selected in the corresponding redshift bin for each narrow-band filter, chosen according to the narrow-band filter transmission curves; the number of galaxies within the area covered by each narrow band; and the number of galaxies in clean regions (see Sect. 3.1).
Measuring the LyC signal: method
In this section, we present the method used to estimate the LyC escape fraction. Vanzella et al. (2010b) discussed in detail the role of foreground contamination in estimating the LyC radiation from galaxies at z ≥ 3. To reduce the contamination from nearby sources, we performed a cleaning procedure (Sect. 3.1). We measured LyC fluxes only for sources that passed the three steps of the procedure, and we adopted as non-ionizing flux the HST/ACS F606W band flux from the CANDELS and GEMS catalogues. This band covers the UV rest-frame wavelength of 1400 Å at the redshift considered here. The LyC flux was measured by running Source Extractor (SExtractor, Bertin & Arnouts, 1996) on the narrow bands at pre-defined positions. SExtractor configuration parameters for background, source extraction, and optimal photometry were obtained following Guaita et al. (2010) . Optimal aperture diameters were defined as those that allowed the highest signal-to-noise ratio for point sources, and the corresponding fractional-to-total signal was calculated from the curve of growth of bright stars.
Narrow-band photometry can be performed with two methods. In the first method, we can optimize SExtractor detection and build narrow-band detection catalogues by adopting optimized configuration parameters. We can then search for matches between our targets and all the sources detected in narrow band. This method was used in the literature to take into account a possible offset (observed up to 10 kpc) between ionizing and non-ionizing emissions (e.g. Mostardi et al., 2013) . These offsets could be observable if special channels for the escape of LyC photons are opened in an off-centre star-formation clump. But the method is sensitive to the contamination by nearby sources, which could be located exactly in the position of a matched object. By applying it before cleaning the sample, low-z sources within the ground-based PSF area are indeed identified as matches.
In the second method, which we adopted here, we measure narrow-band flux at the position of the source with secure redshift (e.g. Vanzella et al., 2010a; Boutsia et al., 2011) , by running SExtractor in double mode. As a detection image we create a narrow-band image by injecting artificial bright stars (IRAF artdata.mkobject) at the position of the sources. The original narrow-band images are then used for aperture photometry. We chose the optimized apertures ( Table 1) that have the advantage to be small enough to additionally reduce the contamination from nearby sources.
The optimized-aperture flux was translated into the total flux by dividing it by the fractional signal (Table 1 ). This total flux is the LyC flux we refer to throughout the paper. The observed flux ratio for every source was then calculated as the ratio between LyC and HST/ACS F606W band flux densities,
The ratio was corrected for the effect of the IGM by dividing it by the IGM transmissivity, exp(-τ IGM,z ). From the observed flux ratio, we can estimate the fesc(LyC) relative to the intrinsic value,
where the unknowns are the intrinsic L ν (1400)/L ν (900) and exp(-τ IGM,z ) (Sect. 3.2).
In the following subsections, we describe the cleaning procedure in detail and derive the unknowns of Eq. 1.
Cleaning procedure
We applied a procedure to identify the final sample of galaxies for which we performed measurements of LyC escape fraction by removing the galaxies with possible projected contamination on an object-by-object basis. We started this procedure with the total sample of 178 galaxies selected in Sect. 2.2. Of these, 35% of the SFGs are only covered by GEMS imaging and 65% fall within the area covered by CANDELS; 70% of the LAEs fall outside the CANDELS area. The cleaning procedure was performed in the following steps.
We first checked that no other source in the CANDELS/GEMS photometric catalogue is centroided within the size of narrow-band PSF full width at half maximum around the centroid of the candidates. In total, this first step of the cleaning removed 70 of the 178 in our sample. An example of a source removed during this step is shown in Fig  3. Because the success or failure of the first step for our purposes depends sensitively on the deblending that is set to generate the various catalogues, the second step of our process is the direct inspection of the HST images. For galaxies that allow it, we inspect cut-outs in all of the available CANDELS HST bands 4 For the remainder of our sample, we inspected the HST/ACS V606 and HST/ACS F850LP from GEMS. The purpose of this inspection is to separate isolated, single-component sources from those with multiple components. The former are retained in our sample without further scrutiny, the latter are flagged and are analysed in the third stage of our cleaning process.
The final stage of our cleaning procedure begins with generating colour images of each multi-component source selected in the previous step and examining each sub-component. We use the IRAF task IMSTACK to generate colour images in BVi, BVz, BIz, VIz, and V-z for the galaxies that were imaged as part of CANDELS. For sources outside the CANDELS area, only V-z images were generated. An individual knot with appreciably different colours with respect to the main galaxy component is likely to be an interloper, which means that generating these images allows us to reject these contaminated sources from the sample (Vanzella et al., 2012a; Siana et al., 2015) . However, the situation is slightly more complex as subcomponents (hereafter clumps) belonging to the same galaxy can be redder or bluer than the main component of the galaxy, depending on the properties of their stellar populations, dust, and the presence and strength of emission lines falling within the broad-band filters. For this reason, we performed an SED fitting of individual clumps for eight star-forming galaxies for which the analysis was possible (i.e. within the CANDELS area, see Appendix A for details). For each clump we obtained the best-fit photometric redshift and checked whether the SED was consistent with the spectroscopic redshift coming from the integrated spectrum of the dominant source. We find that clumps with colours very similar (∆(B-V) < 0.1, ∆(V-z) < 0.1) to that of the main component are always consistent with being at the spectroscopic redshift. However, we also find three cases where, despite relatively large colour offsets (∆(B-V) ∼ 0.4 and ∆(V-z) ∼ 0.2), the SEDs of the clumps are consistent with the clumps being at the same redshift as their main component. Three of the eight multi-component objects were removed from our sample because they are surrounded by different redshift neighbours. This proves the importance of having complete HST photometry to study LyC candidates.
For sources that are only covered by GEMS data, we were unable to perform the complete SED fitting analysis. Therefore, we relied on colour criteria to estimate the contamination for these sources (∆(V-z) < 0.2). The analysis presented in Appendix A suggests that relying on colours alone may be a too conservative approach because it tends to overestimate the number of contaminated sources. Despite this, we decided to adopt it because the purity of our sample is our primary concern. The presence of contaminants is the most worrying aspect in the search for LyC emitters (Vanzella et al., 2012a; Mostardi et al., 2015) . L. Guaita: LyC signal Fig. 3 : Example of a source rejected in the first step of our cleaning procedure, object ID CANDELS=5164 (z = 3.403). Every stamp covers 6"x6". From the top left we show the following filter cut-outs: B435, V606, I775, z850, J125, H160, CANDELS detection segmentation map, and NB387. The green circle has a radius equal to the PSF in NB387. Object ID CANDELS=5197 (on the left, zphot CANDELS = 2.00±0.05) would be blended with ID CANDELS=5164 and ID CANDELS=5166 (object at the bottom right, zphot CANDELS = 0.47±0.13) in a groundbased image with PSF as large as that of NB387. In the NB387 stamp we see emission coming mainly from the lower-z source on the left-hand side of our target. Fig. 4 : Examples of sources rejected in the third step of our cleaning procedure. Le f t: BIz colour cut-outs of a narrow-band selected LAE (ID CANDELS=23527, z = 3.116). The green circle has a radius equal to the NB3727 PSF full width at half maximum. The stamp covers about 4"x4.5". See the appendix for the details on each clump. Right: Object ID ECDFS=42881 (z = 3.16). It is found in the GEMS catalogue. From the left V, z, and V-z, stamps taken from GEMS images. The stamps cover an area of about 2"x1.5". The red contours represent levels equal to 4,7, and 10 times the value of background. This AGN is excluded from our sample because a source lies on top of it.
After imposing the colour cuts discussed above, we excluded an additional 22 sources. Figure 4 shows an example of a narrow-band-selected LAE rejected at this step. The V-and z-band images and a V-z colour image obtained from GEMS imaging for an AGN excluded during this step are also shown in Fig. 4 . It is clear from the inspection of the images that there is another component in addition to the main source. This second source contaminates the narrow-band (PSF full width at half maximum equal to 1.4 ) flux of the main source, which was classified as AGN according to the criteria reported in Hsu et al. (2014) . Figure 5 shows an example of a multi-component source kept in the sample because it is composed of two clumps with similar colours (see also Appendix A).
The number of objects left in our sample from the cleaning procedure is 86 galaxies (their distribution in CANDELS/GEMS areas is listed in Tables 4 and 5) . From here on, we refer to this sample as the clean sample. For sources at a redshift sampled by more than one narrow band, we adopt the deepest narrow-band image to attempt to measure possible LyC signal. We also study eight AGN in clean regions (see Sect. 4.2). 3.2. Intrinsic L ν (1400)/L ν (900) ratio and intergalactic-medium transmissivity
We now proceed to estimate the intrinsic L ν (1400)/L ν (900) value and the intergalactic-medium transmissivity, exp(-τ IGM,z ), at 3.11 < z < 3.53. The effective wavelength of the V606 filter corresponds to λ = 1400 Å for the redshift covered on average by our narrow-band filters. The intrinsic L ν (1400)/L ν (900) of galaxies depends on initial mass function (IMF), star-formation history (SFH), metallicity (Z), stellar-population age, and star properties. For AGN, it depends on the hardness and the obscuration of their spectrum. For mixed SFG/AGN populations, it depends on the relative contribution of the two components and on all the other effect listed above. Table 3 summarizes the intrinsic ratios between nonionizing and ionizing flux densities for a variety of galaxy physical properties and stellar population models. Since the emission in the rest-frame UV can strongly depend on the stellar evolutionary tracks and on the stellar atmosphere assumptions, we explore the intrinsic ratio adopting the BC03 (Bruzual & Charlot, 2003) , the Starburst99 5 (Leitherer et al., 1999) , and the BPASS 6 (binary population and spectral synthesis, Stanway et al., 2016) codes.
Stars with rotations that are located in binary systems can produce more ionizing photons than is expected for nonrotational, isolated stars (e.g. Levesque et al., 2012; Eldridge, 2012) . Therefore, they can in principle reduce the intrinsic
Evolutionary tracks of stars with rotation are implemented in Starburst99. However, as explained in Leitherer et al. (2014) , those models consider rotational velocities that might be too extreme. A more realistic experiment might be obtained by considering 70% of evolutionary tracks with high rotational velocity and 30% of evolutionary tracks without rotation (70%ROT+30%noROT in the table, Levesque et al., 2012) . We estimated the intrinsic ratios by varying evolutionary tracks (from the Padova1994 tracks to the Geneva tracks with the GenevaV40 and without the GenevaV00 implementation of stellar rotations, Leitherer et al., 2014) , and we also performed some tests by varying metallicity, IMF, and stellar atmospheres.
As pointed out in Leitherer et al. (2014) , 50% of the massive stars are in binary systems and experience evolutionary processes that might alter the expected number of ionizing photons. Binary evolution also extends the period of ionizingphoton production, mainly at low metallicities, and so it is worth considering them in the studies of the re-ionization of the Universe. As described in Stanway et al. (2016, and references therein) , the increase in the production of ionizing photons that is due to binary systems is significantly lower than that produced by rotation models, such as the GenevaV40. We followed Nestor et al. (2013) and compared the previous intrinsic ratio estimations with those from BPASS version v2.0 (Salpeter IMF, constant SFR, Z , 100 Myr age).
Our tests show that the strongest change in the intrinsic L ν (1400)/L ν (900) ratio is due to the age parameter. Variations with metallicity are only lower than 10% in BC03. Different star-formation histories create variations of the order of 20-30%.
Including binary stars in BPASS produces changes in the intrinsic ratio of up to 60% with respect to BC03 for ages of 100 Myr. Within Starburst99, changing the evolutionary tracks Notes. Intrinsic L ν (1400)/L ν (900) ratios obtained from different stellar population models: the BC03, assuming different initial mass functions (Salpeter, Salp, and Chabrier, Chab), star-formation histories (constant, cSFR, exponentially declining with τ = 0.1Gyr, exponentially rising with τ = −0.1Gyr), metallicties (Z and 0.02×Z ), and stellar-population ages; the BPASS (Binary Population and Spectral Synthesis code Stanway et al., 2016) ; the Starburst99 models. We consider a range of wavelengths around 900 Å and 1400 Å, comparable to that covered by the narrow-band and the HST/ACS F606W filters in the rest frame, to estimate the average L ν . As described in Bruzual & Charlot (2003) , BC03 provides the spectral energy distribution of stars obtained from a comprehensive library of theoretical model atmospheres (KBFA in the table). The library consists of Kurucz (1996) spectra for O-K stars, Bessell et al. (1991) and Fluks et al. (1994) spectra for M giants, and Allard & Hauschildt (1995) spectra for M dwarfs. In BPASS the stellar evolutionary tracks contain a contribution from isolated stars and binary systems. Also, the stellar atmosphere models are selected from the BaSeL v3.1 library (Westera et al., 2002) , supplemented by Wolf-Rayet stellar atmosphere models from the Potsdam PoWR group (Hamann & Gräfener, 2003) . With Starburst99, it is possible to generate SEDs assuming a bunch of stellar evolutionary tracks, including stars with and without rotation (GenevaV40 and GenevaV00 respectively, Leitherer et al., 2014) , and stellar atmospheres (the combination of model atmosphere from Pauldrach et al., 1998; Hillier & Miller, 1998 , is the recommended option). The 70%ROT+30%noROT entry indicates a model that is a combination of GenevaV40 for the 70% and GenevaV00 for the 30% (Levesque et al., 2012) . The GenevaV40 and GenevaV00 tracks were released for metallicity equal to Z=0.014 (∼Z , Eldridge, 2012) . The change in the intrinsic ratio due to the different evolutionary tracks and stellar atmospheres is shown for a Salpeter IMF, Z , cSFR, and 100 Myr old stellar population. In the bottom part of the table, we report the ratios calculated from the best fit templates of AGN (Bongiorno et al., 2012) , in which the SEDs are dominated by the radiation coming from an (un-)obscured AGN.
(1) The intrinsic L ν (1400)/L ν (900) ratio for an unobscured TypeII AGN can be as low as 2.35 (Richards et al., 2006) . In the estimation of the ratios we take into account the HI absorption occurred in star atmospheres, but we neglect that within the inter-stellar and circum-galactic medium.
(Padova94 vs GenevaV00) produces variations of 20% at the same age, while including rotation models reduces the intrinsic ratio of 30(70%ROT+30%noROT) to 40(GenevaV40) per cent. The variation caused by the IMF is negligible within BC03 and is up to 20% in general. Finally, the change of stellar atmosphere models causes L ν (1400)/L ν (900) to increase or decrease by less than 20% within Starburst99 and between BC03 and Starburst99.
In conclusion, as a result of different evolutionary tracks and stellar-population models, the intrinsic ratio can present a 60% uncertainty. In particular, for a Salpeter IMF, constant SFR, solar metallicity, and 100 Myr age, it can vary from 3 to 6, while for ages of a few hundreds of Myr, it can increase up to 8. We would like to stress that the intrinsic ratio is a multiplicative constant in the expression of the fesc rel (LyC). By changing its value, it is possible to simply re-scale the fesc rel (LyC), depending on the assumptions, to compare with other works. For this reason, we assumed an intermediate value of 5 as representative for our entire sample of star-forming galaxies. The value of 5 is strictly related to the assumptions of a Salpeter IMF and constant SFR, which is most frequently used in the literature and is the easiest to be compared with.
We also calculated the intrinsic ratios corresponding to the physical parameters listed in Tables 4 and 5 . To estimate the galaxy physical parameters in the tables, we considered the BC03 models (Chabrier IMF) because they are among those that better reproduce the majority of the galaxy properties both in the UV and in the NIR (Zibetti et al., 2013 , and references therein). They well reproduce the entire SED of intermediatemass galaxies, like those studied here . In addition to this, with the BC03 code we are able to consider constant, rising, and declining star-formation histories, which include quite a wide variety of histories (they also mimic more than one single population).
Under the assumption of a BC03 declining tau model, the range of intrinsic L ν (1400)/L ν (900) ratios is 4-16 for the galaxies (SFGs and LAEs) studied here, characterized by a median age of 300 Myr.
We refer to Bongiorno et al. (2012) to infer the expected L ν (1400)/L ν (900) ratio for AGN. They presented the observed SEDs of un-obscured and obscured AGN and also showed how typical templates vary as a result of the host galaxy obscuration (their Figs. 4 and 2) . The largest possible AGN contribution in the LyC regime produces a L ν (1400)/L ν (900) = 2.35. A typical AGN-dominated source can have a ratio of 2.6. Since the observed values already contain the IGM contribution, we adopt 2.35 throughout the paper. Sources in which the galaxy emission dominates that from the AGN are expected to present L ν (1400)/L ν (900) ratios similar to those calculated for galaxy templates.
By following the analytical prescription by Inoue et al. (2014) , we determine τ IGM,z (Fig. 6 ). In the range of redshift studied here, exp(-τ IGM,z ) 0.36. Even though we considered narrow-band filters, we derived the average transmissivity by applying the equation
where T(λ) represents the narrow-band filter transmission curve. Measuring LyC for a number of sources allowed us to use a mean value for <exp(-τ IGM ) >, such as that provided by the analytical prescription by Inoue et al. (2014) . We refer to this paper for understanding the limitations and uncertainty related to the application of this prescription. See also Thomas et al. (2014) as an example of a study of IGM variability for sources at the same redshift.
Finally, we performed a calculation to demonstrate that we could expect some direct LyC measurement from the sources in our sample, given their UV-continuum magnitude (V606) and the depth of our narrow-band filters. In this exercise, we considered a LyC escape fraction of 10-100%, a galaxy template characterized by an intrinsic L ν (1400)/L ν (900) value between 1 and 5, and an average treatment of the IGM lines of sight. We estimated narrowband magnitudes (LyC mag) as a function of V606, as shown in Fig. 7 . Given the depth of the available data, we expect more significant detections or upper limits from the NB388 filter. For a LyC emitter at z = 3.4, characterized by an fesc(LyC)=100% and V606=25 (the average magnitude of our sample of continuum-selected SFGs), we expect a LyC (NB388) mag = 25.5-27.5 (depending on the assumptions on the intrinsic L ν (1400)/L ν (900) value). This is brighter than the 3σ detection limit of the narrow-band image and therefore in principle detectable. For fesc(LyC)=30%, we expect a LyC (NB388) mag = 26-28, wich is more difficult to be detected directly. We might also expect a LyC (NB387) mag = 25.6-27.6 (26.3-28.3) for an fesc(LyC)=100% (30%). For the sources with LyC emission covered by NB396, an fesc(LyC)=100% and V606=25, we expect a LyC (NB396) mag = 25.7-27.7, barely above the narrow-band detection limit. On the other hand, for a galaxy at z = 3.2 we expect a LyC (NB3727) mag = 25.4-27.4, which is even below the NB3727 3σ detection limit. Galaxies that are characterized by an SED such as the one assumed in this exercise would show a LyC signal in NB3727 (fesc(LyC) > 30%) if they were brighter than V606=24. The same calculation performed with the VIMOS U broad band would produce a LyC mag up to 0.6 magnitude fainter than the value calculated for NB3727. This demonstrates the advantage of using narrow instead of broad bands in the LyC measurements. Of course the U-band estimation can change if the broad band is significantly deeper than the narrow band.
Physical properties of the clean sample
We cross-correlated our sources in the clean sample with the E-CDFS multi-wavelength photometric catalogue (Guo et al., 2013; Hsu et al., 2014) . In this way, we associated a multiwavelength SED from the optical U to the Spitzer bands with every source, thanks to SED fitting, physical parameters, such as stellar mass (M * ), star-formation rate (SFR), dust reddening (E(B-V), and stellar-population age.
Star-forming galaxies
We adopted the physical parameters quoted in Santini et al. (2015) for the galaxies entering the CANDELS area. For the sources in E-CDFS, we estimated M * , SFR, E(B-V), and stellar-population age starting from the Hsu et al. (2014) photometry, the spectroscopic redshift, and with the same code as in Santini et al. (2015) , adopted for CANDELS.
In Tables 4 and 5 , we report the physical parameters considered here. For reference, we report the IDs from the CANDELS and Hsu et al. (2014) catalogues for every source. It is important to note that our sample covers quite a wide range in UV absolute magnitude (−21.5 M1400 −18.5), stellar mass (10 8 M M * 5 × 10 10 ), star-formation rate (1 SFR 50 M yr −1 ), specific star-formation rate (10 −9.5 sSFR 10 −7 yr −1 ), dust reddening (0 E(B-V) 0.2), and stellar population age (7 log(age/yr) 9.3). Some of the LAEs are too faint in the continuum to enter the CANDELS/E-CDFS photometric catalogue. Therefore, we have a stellar mass estimation for only 11 of the 19 LAEs. Figure 8 shows stellar mass as a function of rest-frame UV magnitude. The sub-sample of Lyα emitters occupies the region with the lowest mass and the faintest magnitude. We refer to Fig. 7 in Grazian et al. (2015) to compare our sample with all the sources in GOODS-S. In a similar redshift range, our sample occupies the bright-magnitude and high-mass tail of the general distribution. This is expected because the sources are all spectroscopically confirmed.
Active galactic nuclei
We matched our initial sample with AGN catalogues. We chose the Xue et al. (2011) X-ray catalogue and the Hsu et al. (2014) AGN photometric list. In Table 6 we present the AGN matches. Most them have a counterpart in X-ray (Xue et al., 2011; Fiore et al., 2012) . In the table we show their absolute magnitudes, the spectroscopic redshift, the LyC flux and the relative LyC escape fraction. The relative LyC escape fraction is obtained from the equations in Sect. 5, assuming an intrinsic L ν (1400)/L ν (900) AGN = 2.35 (Bongiorno et al., 2012, and Table 3 ) and the spectroscopic redshift to account for the IGM opacity. We also report the hardness ratio for the AGN in the Xue et al. (2011) catalogue. Some of these AGN may be obscured and/or affected by broad absorption region, as were those discussed by Civano et al. (2012) in the COSMOS field. Moreover, the presence of intervening damped Lymanalpha or Lyman limit systems close to (or associated with) the AGN can absorb the LyC radiation and decrease their measured fesc(LyC). A dedicated work on the connection between obscuration and LyC emission is ongoing.
Results
In Tables 4 and 5 we present the observed f ν (900)/f ν (1400) flux ratios for SFGs and LAEs, and the 1σ photometric errors on the measurements. Figure 9 shows the observed f ν (900)/f ν (1400) flux ratio as a function of V606 band magnitude for each filter. In NB3727 we measure LyC signal from continuum-selected star-forming galaxies, narrow-band selected Lyα emitters, and AGN. In NB387 and NB396 for SFGs and AGN, and in NB388 only for SFGs. The measured LyC fluxes of all the candidates are within the 2σ background level, except for one AGN. This source, identified by ID=78, is detected in NB396 at more than 3σ. In addition, the AGN identified by ID=9 is detected at ∼2σ in NB3727 (Fig. 10) .
Previous works in the literature have shown that LAEs are characterized by a stronger LyC signal than continuumselected star-forming galaxies. For instance, Mostardi et al. (2013) found an observed f ν (900)/f ν (1400) of 0.14 for LAEs, larger than the value they obtained for LBGs of 0.01 (see also the recent work by Micheva et al., 2015) . We do not find any significant detection for any of the LAEs. One of the reasons might be that the NB3727 image is the shallowest, characterized by the largest PSF among the four narrow-band filters. The result is also partially due to the small number of sources and their faint average V606 magnitude (27 against 25 for the SFGs, see calculation at the end of Sect. 3.2). We conclude that our whole population of star-forming galaxies does not show any direct LyC signal. Moreover, the 1σ photometric errors on the observed f ν (900)/f ν (1400) flux ratios depend on the depth of the narrow bands in which the ratios are measured. Since the LyC measurements come from four different narrow bands with different detection limits, the contribution of the sample as a whole to the LyC emission can be estimated as a weighted mean (LyC(SFGs) = wmean ± σwmean). Because of the lack of individual detections, wmean is consistent with 0 and σwmean provides an upper limit of the LyC signal of the whole sample. By definition, σwmean = Considering that the V606 band covers the rest-frame UV (λ ∼ 1400 Å) for the entire range of redshift probed here, we also calculated the weighted mean of the V606 fluxes in the estimation of the observed f ν (900)/f ν (1400) flux ratio for the whole sample of SFGs.
Following the same approach, we estimate an upper limit of the observed flux ratio for the sub-samples of the galaxies in each narrow-band redshift range. By assuming L ν (1400)/L ν (900) = 5 and exp(-τ IGM,z ) (Sec. 3.2), we derive the following 1σ upper limits on the fesc rel (LyC) for each narrow-band sub-sample (Eq. 1),
These values reflect the different depths of the individual narrow bands. For the whole sample of 67 SFGs (< z >= 3.397, < exp(-τ IGM,z ) >= 0.36, L ν (1400)/L ν (900) = 5), we obtain the following the 1(2)σ upper limit:
f esc rel (LyC) < 12(24)%.
As shown in Sect. 3, IGM transmissivity and intrinsic L ν (1400)/L ν (900) ratio correspond to multiplicative factors in the calculation of f esc rel (LyC). In particular, L ν (1400)/L ν (900) = 5 is obtained assuming constant SFR, Salpeter IMF, and age L. Guaita: LyC signal Notes. Spectroscopic and photometric properties for eight AGN in clean regions.
(1) AGN identification number; (2) CANDELS/E-CDFS catalog identification number; (3) spectroscopic redshift; (4) absolute magnitude; (5) flux measured in NB within optimized apertures, turned into total flux. The upper limits correspond to 1σ; (6) relative LyC escape fraction obtained from the equations in Sec. 5; (7) hardness ration from Xue et al. (2011) , as the ratio between H-S and H+S, where H and S are the hard and soft Xray fluxes in counts. It is worth noting that objects 3360, 14587, and 19824 are detected in the VIMOS U band.
(1) Xray detected. ID78 is listed in Vanzella et al. (2010a) as an AGN due to the presence of NV and CIV in its spectrum. It also appears in the list of faint AGN by Fiore et al. (2012) , for which they reported F(0.5-2 keV)=9.5E-17 erg sec −1 cm −2 and L(2-10 keV)=43.6 erg sec −1 .
(2) Within the AGN list by Hsu et al. (2014) . ), as a function of V band magnitude for the eight AGN studied here. Black, blue, and magenta filled circles correspond to the AGN for which the LyC flux is measured in NB3727, NB387, and NB388 respectively. The dot-dashed lines indicate the 2σ background level corresponding to NB3727 (black), NB387 (blue), and NB388 (magenta). The two largest symbols indicate the AGN for which the flux ratio is not just an upper limit in Table 6 .
of a few hundred Myr in the galaxy SEDs. We point out that a change of ∼60% in the intrinsic ratio is expected for a different assumption of stellar evolutionary models and a change of ∼20% for a different assumption of star-formation history. These changes would merely re-scale the f esc rel (LyC) value. We also note that the highest ratios are obtained with the BC03 code. If we were to assume lower ratios, we would obtain even more stringent limits on f esc rel (LyC). The upper limit we obtained is consistent with previous findings (e.g. Vanzella et al., 2010a; Boutsia et al., 2011; We translate the fesc rel (LyC) estimations in the literature into values corresponding to L ν (1400)/L ν (900) = 5, where needed. The limits correspond to 1σ. The survey depths all correspond to the 3σ detection limit in an area equal to the survey PSF seeing. Together with our upper limit (red arrow), we include the upper limits from the stack of Vanzella et al. (2010a) at 3.4 < z < 3.8 (magenta arrow and dot), of Boutsia et al. (2011) at z 3.3 (cyan arrow and dot), and the measurements from the stack of Nestor et al. (2013) at z 3.1 (green triangle) and Mostardi et al. (2013) at z 2.85 for Lyman break galaxies. et al., 2013; Mostardi et al., 2013; Grazian et al., 2016) for Lyman break galaxies at similar redshift. These limits result from a combination of LyC-image depth and sample size. They could be more stringent if deeper images and larger sample size were available. A quantitative example is presented in the next section. Figure 11 reports our 1σ upper limit together with measurements in the literature. The error bar on the magnitude for our work encompasses the depths of our four narrow bands. Despite the inhomogeneity of the available archival data of the samples in the literature, the upper limits and the measurements all agree with values of fesc rel (LyC) lower than about 10% for continuum-selected star-forming galaxies.
We checked our upper limit with an alternative approach, that of stacking the narrow-band images before measuring LyC fluxes. We stacked 26 NB3727, seven NB387, nine NB388, and 25 NB396 24"x24" stamps of galaxies. We performed weighted average stacks by running the IRAF task IMCOMBINE. The weights are obtained from the narrow-band image weight maps. Even if the stack is performed to increase the signal-to-noise ratio, the LyC flux we estimate in the stack images is consistent with their background rms, which means that the final 1σ upper limits are consistent with the 12% reported above.
In Table 6 we report fesc rel (LyC) for every individual AGN, where we adopt an intrinsic L ν (1400)/L ν (900) of 2.35 (Table  3 ). The 1σ NB photometric error is used as LyC flux for the upper limits. The IGM transmission is calculated for each AGN redshift. For ID=78, we are able to perform a significant direct LyC measurement and obtain fesc rel (LyC)=72 ± 18%; for ID=9, barely detected at 2σ, we measure fesc rel (LyC)=46± 24%.
Discussion

Dirty sample before the cleaning procedure
As an example of the danger of reporting LyC measurements before applying a proper cleaning procedure, we stacked the initial sample of 145 SFGs (Table 2) . By assuming the same intrinsic L ν (1400)/L ν (900) value and transmissivity as for the cleaned sample, we would obtain fesc rel (LyC) = (33 ± 8)%. To calculate this value, we considered the weighted mean of the individual-galaxy LyC measurements, which can be affected by foreground contaminations within the narrow-band PSF.
This would be the value we would report if HST images were not available and the object-by-object cleaning were not possible. By using only the four sources with f(LyC) > 3× err f(LyC), we would obtain f ν (900)/f ν (1400)=0.29 and fesc rel (LyC) = (396 ± 32) %. We can theoretically estimate the maximum value for the observed f ν (900)/f ν (1400) that can be expected, given reasonable assumptions on intrinsic LyC escape fraction and IGM transmissivity. For L ν (1400)/L ν (900) = 1.5, exp(-τ IGM,z )=0.6 (the most favourable values that allow LyC photons to reach us, Inoue & Iwata, 2008; Inoue et al., 2014) and assuming fesc rel (LyC) = 100%, we obtain
For a very favourable line of sight with a transmissivity equal to 1 (this has an almost null probability to occur, Inoue & Iwata, 2008; Vanzella et al., 2015) , f ν (900)/f ν (1400) cannot be larger than 0.7. Based on our average assumptions, f ν (900)/f ν (1400) ≤ 0.08 for fesc rel (LyC) ≤ 100%. The cases in which f ν (900)/f ν (1400) > 0.08(0.4) are probably (certainly) unreasonable LyC emitters, in which the observed LyC emission is likely to be produced by close-by contaminating sources. The four sources mentioned above were indeed all rejected after inspecting the images and the colours of neighbouring sources.
This simple calculation demonstrates the importance of the cleaning procedure before quoting fesc rel (LyC).
Clean sample and LyC upper limits
For our sample of 67 SFGs, we estimate a 1(2)σ upper limit in fesc rel (LyC) of 12(24)%. More stringent limits on fesc rel (LyC) can be obtained from a sample with hundreds of sources. This would also increase the chance of finding strong LyC emitters. The currently planned public spectroscopic survey VANDELS has the scope to provide deep spectra for many hundreds of bright (H < 24) and faint (H > 27) star-forming galaxies at z ∼ 3 and it will be possible to use it for this purpose. An estimation from Cen & Kimm (2015) suggested that a sample of at least 100 sources needs to be analysed to constrain the true escape fraction that is due to the solid angle effect.
On the other hand, we could reach an upper limit of 5% on the fesc rel (LyC) with the same spectroscopic sample as in this analysis, but increasing the sensitivity of the narrow-band images. We estimate that we would need to reach a magnitude limit about 1.5 mag deeper than the current values (Table 1) . This can be achieved with an integration about four times as long as what is now available, which would be of the order of 40-100 hours.
Physical properties and LyC escape fraction
One of our aims is to understand if and how physical properties of star-forming galaxies are related to the escape of LyC photons.
In Fig. 12 we show the observed f ν (900)/f ν (1400) flux ratios as a function of rest-frame absolute magnitude, stellar mass, SFR, and dust reddening as derived in Sect. 4. Since we do not find any direct detection, we do not expect any dependency between LyC signal and galaxy properties. Therefore, one possibility is that galaxies with properties similar to those of our sample are physically characterized by either low or negligible LyC escape fraction.
The figure also shows the values of stellar mass and SFR for two LyC emitters found in the literature. With this limited sample of confirmed LyC emitters we are unable to conclude whether stellar mass or SFR are the main physical parameters related to a high LyC escape. But it is noticeable that their starformation rate is higher than that of most of our sample and that the stellar mass of one of them is similar to that of many of the galaxies in our sample.
Our study indicates that we need to enlarge the range of physical properties explored to find the ones suitable to the LyC emission, we will be able to assess the role of physical parameters in the escape of LyC photons.
We can place constraints on the prediction of models for the inter-stellar medium properties, although we cannot finally conclude. In particular, given that we do not find any individual object with high escape fraction, we can rule out geometries that favour a high escape of LyC photons. For example, Zackrisson et al. (2013) discussed ISM geometries such as an inter-stellar medium with free channels, slightly oriented towards us, or an inter-stellar medium with low HI column density that could allow a fesc(LyC) > 50%. They also mentioned that population III stars (popIII) might be responsible for the production of a significant amount of LyC photons. The upper limits on fesc(LyC) we found in our work do not support the expectations for these geometries, or at least tell us that they are very rare at z ∼ 3.
LyC escape fraction and the epoch of re-ionization
The study of the LyC escape fraction has implications for the properties and evolution of the galaxies themselves at any redshift, but also for the re-ionization of the Universe at z > 6. In this context, we can adopt our upper limit to assess the possible role of the SFGs studied here in producing the UV background Grazian et al., 2016) . To do this, we estimated the average ionization rate of our sample, Γ −12 (Faucher-Giguère et al., 2008) ,
where ρ 900 is the ionizing luminosity density, σ HI is the Thomson cross section, ∆l is the mean free path of ionizing photons, (1+z) 3 indicates the conversion from co-moving to proper density per volume, h p is the Planck constant, α LyC is the power-law index of the spectrum in the LyC region (f ν ∝ ν α LyC ). The value of ρ 900 can be estimated from the rest-frame nonionizing luminosity density. We adopted ρ 900 = 3.04×10 sample). As shown in Boutsia et al. (2011) , ρ 900 is independent of the assumed value of intrinsic L ν (1400)/L ν (900) ratio. Therefore, Γ −12 is also independent of it.
We calculated ∆l from the fit in Fig. 10 of Worseck et al. (2014) . By assuming ∆l = C[(1 + z)/5] nn , C=37, nn=-5.4, and z = 3.32, we used ∆l = 81.5 proper Mpc. The uncertainty on ∆l is of the order of 9, given the uncertainties on the C and nn parameters quoted in Worseck et al. (2014) . A greater (shorter) ∆l would increase (decrease) the Γ −12 upper limit.
We derive Γ −12 < 0.58 s −1 for α LyC = −0.5 (FaucherGiguère et al., 2008) and Γ −12 < 0.34 s −1 for α LyC = −3 (Mostardi et al., 2013) . These values are lower than the most recent measurements by Becker & Bolton (2013) for galaxies at z ∼ 3, 0.7s −1 < Γ −12 < 1.2 s −1 , even assuming a longer mean free path, ∆l = 91. The authors performed measurements of the IGM properties at z > 2, taking into account the IGM opacity to ionizing photons. They found that the hydrogen photoionization rate is roughly constant at 2 < z < 5 by taking into account cosmological radiative transfer effects (see their Fig.  11 ). To be able to obtain the ionization rate derived by them, we would need a direct measurement of the LyC escape fraction twice as large as the upper limit calculated for our sample, given our assumptions on ∆l and α LyC .
We would probably need to explore sources with physical properties and geometries of the interstellar medium different from those of the galaxies in our sample to ensure greater fesc rel (LyC). We might also need to consider a broader redshift range to increase the chance of detecting strong LyC emitters. Becker & Bolton (2013) concluded that the averaged ionization efficiency of star-forming galaxies should have globally increased with redshift to produce a fully ionized IGM by z ∼ 6. This creates a caveat in the extrapolation of the results on the LyC escape fraction at z ∼ 3 and the epoch of re-ionization.
Summary
With the aim of directly measuring the LyC signal from sources at z ∼ 3, we started from a sample of about 200 spectroscopically confirmed SFGs, LAEs, and AGN in E-CDFS (Fig. 2) . They were collected from public spectroscopic surveys, including the ESO/GOODS master catalogue, VUDS (for about one third of the initial sample), and VANDELS. The sample has HST coverage and multi-wavelength photometry.
The key step in our study is the cleaning of the sample. The cleaning procedure includes the inspection of CANDELS/GEMS catalogue and the inspection of colour frames created from HST images. The purpose is to eliminate possible low-z interlopers on an individual-source basis. After cleaning, our final sample was composed of 94 targets (Table  2) , including 67 SFGs, 19 LAEs, and 8 AGN. The sources in the clean regions occupy a certain range of physical properties (Fig. 8, Tables 4 , 5, and 6), which could help us in identifying regions of the physical parameter space for typical LyC emitters and non-emitters.
We performed photometry in four narrow-band filters ( Fig.  1 and Table 1 ) within optimized apertures. These apertures allow the highest signal-to-noise ratio and are small enough to reduce any eventual remaining contamination from nearby sources. None of our star-forming galaxies is detected at more than 3σ in our narrow bands.
By using the V606 band flux from CANDELS and GEMS catalogues as the non-ionizing radiation flux, we calculated the relative LyC escape fraction. For the sample of continuumselected star-forming galaxies we could set a 1σ upper limit of 12% (Fig. 9 , under the assumptions described in Sect. 3.2), which is consistent with previous results in the literature at the same redshift (Fig. 11) . For the 19 LAEs we were unable to set a meaningful limit. Our results would have been quite different if we had stacked all 145 SFGs in our spectroscopic sample without cleaning (fesc rel =33%, mainly coming from neighbours at different redshifts). We also discovered four sources in the entire sample that alone produce an average relative escape fraction of more than 300% (see also Grazian et al., 2016) . In the four cases, the analysis of HST data clearly shows that the LyC signal is spurious and is due to lower redshift interlopers. This demonstrates the importance of applying a cleaning procedure before deriving LyC escape fractions.
Our results indicate that the galaxies in the range of physical parameters probed here have a typical LyC escape fraction that is too low for individual detections in our narrow-band images (Fig. 12) .
As shown in Cen & Kimm (2015) , galaxies with relatively low SFRs could also present high fesc(LyC) because they could be in post-starburst phases in which the interstellar medium has been cleared out by the previous star-formation bursts. However, we noted that two LyC emitter candidates found in the literature present significantly higher star-formation rate than most of our sources. This could indicate that the starformation activity is an important ingredient for allowing the propagation in the ISM and the final escape of LyC photons along a specific line of sight.
The upper limit on the LyC escape fraction can be converted into an IGM hydrogen ionization rate. We derived Γ −12 < 0.34 s −1 (assuming α LyC = −3, as in Mostardi et al., 2013) . This value is lower than the measurements by Becker & Bolton (2013) , obtained for galaxies at z ∼ 3. The discrepancy could imply that sources with LyC emission fainter than our detection limits could be mainly responsible for the re-ionization of the intergalactic medium by z = 6. Alternatively, it could imply that the physical properties of the re-ionization sources may be extremely rare in galaxies at z ∼ 3.
We found one individual significant detection on the relative LyC escape fraction of one AGN (out of eight) at z = 3.462 (Table 6 ). This fesc rel (LyC) could indicate that AGN are an interesting population to investigate in the study of the sources responsible for the re-ioniziation of the Universe also at z > 6. In fact, AGN have recently been proposed as possible main drivers of the cosmic re-ionization; there are enough of them even at z > 2 (e.g., Giallongo et al., 2015) . We will investigate the significance and the importance of detecting AGN in LyC in a subsequent paper, where we will also study AGN properties and obscuration in detail.
Larger samples with secure redshifts from spectroscopic surveys, in fields where deep HST imaging is available, are necessary to make progress. In the near future, surveys like VANDELS will add many (bright, but also faint) hundreds of star-forming galaxies and about 100 AGN, enabling a significant improvement on LyC measurements. Notes.
(1) CANDELS/E-CDFS catalog identification number; (2)(3) right ascension and declination; (4) spectroscopic redshift; (5)(6)(7)(8)(9)(10) stellar mass, SFR, dust reddening, parametrized by E(B-V), stellar-population age obtained by assuming exponentially declining τ models, τ value in Gyr, and metallicity in solar units. The ratio between τ and stellar-population age is such that the models resemble an instantaneous burst as well as a constant SFR. The SED fit is run fixing the spectroscopic redshift; (11) median mass, taken from the compilation of Santini et al. (2015) . It is reported only for sources in CANDELS; (12)(13) V-band AB magnitude taken from CANDELS/GEMS catalogs and its error; (14)(15) ratio between narrow-band and V-band flux densities and its error; (16) ratio between the 2σ background noise of the narrow-band image and the source V-band flux density; (17) intrinsic L ν (1400)/L ν (900) ratio for the age, τ, metallicity in columns (8)(9)(10), and adopting BC03 models.
(a) sources already studied in Vanzella et al. (2010a) ; ID ECDFS=18320 is Ion2, the source also studied in Vanzella et al. (2015) as a LyC emitter candidate. The sources identified with a 530 million number come from VUDS. (1) Identification number from CANDELS/E-CDFS catalog; (2)(3) right ascension and declination in degrees; (4) spectroscopic redshift; (5)(6)(7)(8)(9)(10) stellar mass, SFR, dust reddening, parametrized by E(B-V), stellar-population age obtained by assuming exponentially declining τ models, τ value in Gyr, and metallicity in solar units. The SED fit is run fixing the spectroscopic redshift; (11) median mass, taken from the compilation of Santini et al. (2015) . It is reported only for sources in CANDELS; (12)(13) V-band AB magnitude taken from CANDELS/GEMS catalogs and its error; (14)(15) ratio between narrow-band and V-band flux densities and its error; (16) ratio between the 2σ background noise of the narrow-band image and the source V-band flux density; (17) intrinsic L ν (1400)/L ν (900) ratio for the age, τ, metallicity in columns (8)(9)(10), and adopting BC03 models. 
